Introduction
Direct laser deposition (DLD) using blown powder is a near net-shape manufacturing method which feeds a metal powder through a nozzle into the focal point of a laser beam. The laser melts the powder producing a deposit onto a pre-existing substrate. A structural shape is formed via the powder nozzle and the laser beam moving relative to the substrate surface in a raster pattern. A part is built up layer by layer until the required shape is obtained. Meanwhile, a fine microstructure can be obtained due to the non-equilibrium rapid solidification process, which would bring about superior mechanical properties. The DLD process can be used to manufacture components with complex internal geometries that would be difficult to machine or cast, and repair worn parts, such as turbine blades and disks. The high replacement cost of M A N U S C R I P T ACCEPTED MANUSCRIPT gas turbine engine components makes DLD a promising application in the repair of worn components [1] .
IN718 is a niobium-modified age-hardenable nickel-base superalloy which has precipitating  (Ni 3 Nb) and  (Ni 3 (Al,Ti)) phases in the  matrix. The alloy is one of the most common Ni-base superalloys and is used for numerous applications in the aerospace and nuclear industries because of its good strength, excellent resistance to oxidation and favourable weldability. Extensive research on the microstructure of welded IN718 has been performed [2] [3] [4] [5] [6] [7] [8] [9] , mostly concerned with gas tungsten arc (GTA) and electron beam (EB) welds [2] [3] [4] [5] [6] [7] . In contrast, very little published work is available on DLD IN718 [9] [10] [11] .
DLD processing is dramatically different from the other welding processes (e.g. GTA and EB welding) and casting as it produces a small molten pool, resulting in a fast cooling rate and the formation of a non-equilibrium structure. Thus, the microstructure of DLD IN718 is different from other welded forms of IN718, especially with regard to secondary phases and their distributions which, in turn, would affect the mechanical behaviour. Although some recent research on the microstructure of laser deposited IN718 has been performed [1, 10, 11] and some secondary phases (e.g. carbide, Laves phase and needle-like  phase) have been reported [10] [11] [12] [13] [14] , there is a lack of detailed investigation, particularly at the TEM level. The current paper uses TEM to identify secondary phases of DLD IN718 to aid in understanding the mechanical behaviour of DLD IN718. A complex constituent (of Laves, , -Cr, , and  matrix) is reported here in IN718 which, to the authors' knowledge is the first time this constituent has been reported.
Experimental procedure
Commercially available Plasma Rotating Electrode Processed (PREP) IN718 powder with a mesh size between 325 and 100 was used in this study. The powder has a nominal composition (wt.%): 53Ni, 19Fe, 18Cr, 5.2Nb, 3.0Mo, 1.0Ti, 0.6Al, 0.05C and 0.006B. DLD was undertaken on a wrought IN 718 substrate with dimensions of 13mm  50mm  50 mm in a YAG laser deposition system. A low power of 350 W (fast cooling rate, referred as Sample A) and a high power of 550 W (low cooling rate, Sample B) were used for the deposits to produce near fully dense deposits. Pure argon was used as a shield gas to prevent the molten pool from oxidation and contamination. The as-deposited samples were aged at the standard 732C/4 hrs + 649C/ 4 hrs.
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Samples for optical and SEM were prepared following a standard metallographic procedure.
The polished surface was etched in a reagent of 10 ml HNO 3 , 20 ml HCl, 25 ml distilled water and 10 ml hydrogen peroxide (H 2 O 2 ). The SEM examination was performed using a FEI Quanta 3D. The size of dendrite cores was determined using ImageJ software from SEM observations of over 500 cores. Specimens for TEM were prepared by mechanically grinding 3 mm diameter discs to ~ 150 µm and then twin-jet electropolishing them in a solution of 10% perchloric acid, 30% butanol and 60% methanol at 243 K and 25V. TEM observation was carried out on a FEI Tecnai F20 microscope operating at 200 kV and equipped with an
Oxford Instruments silicon drift detector (SDD) for energy-dispersive X-ray spectrometry (EDS). The K a lines were used for Ni, Fe, Cr, Ti, Si and Al, while the L a lines were used for Nb and Mo. Raw data were reduced to atomic percentages using a ZAF algorithm. The size of second phases was determined using ImageJ software from TEM observations of over 500 particles.
Results and Analysis

Microstructure of the substrate
The substrate shows a typical microstructure for standard heat-treated IN718: an average grain size of 6 µm with a large number of particles at grain boundaries and interior grains (Figs. 1a and 1b). The particle size ranges from ~ 200 nm to 2 m. EDS analysis shows that they are a Nb-rich phase ( Fig. 1c and Table 1 ). Analysis of diffraction patterns in Figs. 1d-f confirms that the Nb-rich particles are orthorhombic Ni 3 Nb-type  phase with lattice parameters a = 0.51 nm, b = 0.43 nm and c = 0.46 nm. In the pattern, streaks parallel to the (010) reflection are observed, these are attributed to the presence of stacking faults in the  phase ( Fig. 2 ). Fig. 3a shows the [001] diffraction pattern of the matrix and visible extra reflections, which indicate the presence of a large amount of  (Fig. 3b) and  (Fig. 3c) phases. The average  particle size is 23 nm and the average  particle size is 42 nm (long axis) by 12 nm (short axis).
Microstructure of the deposit
The images in Fig. 4 are low magnification optical micrographs of the laser-fabricated blocks showing the deposited layers. A montage SEM image of the substrate/deposit is shown in Fig.   5 , which exhibits elongated coarse grains in the deposit. Such elongated coarse grains crossing several deposit layers can also be observed clearly in optical micrographs (Fig. 4a) .
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Their existence is a direct consequence of epitaxial growth and preferred growth along the <001> direction. A high thermal gradient at the liquid/solid interface and a low solidification velocity are the necessary conditions for epitaxial growth, and these are usually achieved in laser deposit process. However, a band of fine grains was found in the deposit close to the substrate/deposit boundary. This could be associated with higher cooling rates close to the substrate.
Closer examination around the substrate/deposit boundary revealed that there is an approximately 100 µm wide zone where the  phase had partially dissolved close to the boundary, in the substrate (Fig. 5 ). This means that the  phase particles are dissolved during deposition ( solvus temperature = 996~1015C [15] ). In other words, during deposition, the temperature at a region 100 µm away from the boundary is above the (996~1015C).  dissolution would produce a higher Nb content in the matrix, which might promote the formation of a higher density of and precipitation in this region during subsequent deposition and/ ageing. It is thus expected the strength will be higher in this region [16] . . Sample A was deposited using a faster cooling rate during solidification, resulting in a finer dendrite structure, thus improving the strength of the deposit [16] . In contrast to the dark dendrite core, small white constituents in globular and irregular shapes have formed along the interdendritic regions (Fig. 6 ). The interdendritic region was indentified by EDS to have a relatively high Nb content compared with the matrix, which is consistent with previous publications [1, 9, 10] . Compositions and structures of secondary phases in the deposit have been determined using TEM as discussed in the following subsections.
 and  phases
The main precipitates in the laser deposited IN 718 are  and , as shown in Fig. 7 . The average size is 13.8 nm for  and 13.4 nm (long axis) and 3.8 nm (short axis) for  after heat treatment. They are smaller compared with precipitates in the substrate because there is lower Nb content in the dendrite core regions due to interdendritic microsegregation which gives rise to a low rate of nucleation and growth of  during the following ageing treatment.
/Laves eutectic
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In TEM examination, a large number of precipitates were observed in interdendritic regions and at grain boundaries in the deposit samples. Figure 8 shows that they distribute along grain boundaries in some cases as discontinuous ( Fig. 8a ) and in others as continuous (Fig. 8b) phases. Fig. 8b shows that there may be two types of precipitate, and that they are mixed and distributed along the grain boundaries. A higher magnification image is shown in Fig. 9a .
EDS analysis indicates that the dark phase is Nb-rich and the composition is close to (Ni,Cr,Fe) 2 (Nb,Mo,Ti) (at.%) ( Fig. 9b and Table 1 ). Diffraction patterns in Fig. 9c -e confirm that the dark phase is hexagonal MgZn 2 -type (C14) Laves phase with lattice parameters a = 0.47 nm and c = 0.77 nm. EDS examination revealed that the grey phase has higher Cr and Fe compared with the matrix (Fig. 9f) . Analysis of the diffraction pattern in Fig. 9f confirms that the grey phases are . Such a mixture is, thus, designated as /Laves eutectic. This eutectic has been well documented in as-cast and welded IN718 [4, 17, 18] . Laves phase has been demonstrated to be the source of crack initiation in for DLD IN718 [16] . When laves phase is continuously distributed in the interdendritic regions and/or along grain boundaries, the sample shows low ductility and fatigue life [16] . Fast cooling rate tends to a propensity of a continuous distribution of laves phase [16] .
Carbides
Nb-rich carbides were usually observed, commonly appearing irregular in shape ( Fig. 10a and b), which suggests that the carbides formed during solidification. This is consistent with the fact that the carbide has a high melting point (~3600C for NbC) [19] , much higher than that of IN718 (1364C) [20] . Diffraction patterns in Fig. 10e -g confirm that these Nb-rich carbides have a cubic NaCl-type structure with lattice parameter a = 0.44 nm. Small and regular MC carbides were also observed ( Fig. 10c ), which suggests that this type of carbide precipitates from the solid state during cooling. This is associated with the fact that the solubility of C in Ni is low and dramatically decreases with temperature [21] . An irregular constituent consisting of NbC and Laves was found occasionally, as shown in Fig. 11 .
Complex constituent
A constituent consisting of many small particles (which might be different phases) was commonly observed, as shown in the centre of Fig. 10a and in Fig. 12 . EDS mapping (Fig. 12) and spot EDS (Fig. 13a) show that some of the particles are Cr-rich while the others are (Nb,Fe,Mo)-rich and (Nb,Ni)-rich. Spot EDS shows that the Cr-rich particles contain small
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amounts of Mo, Fe and Ni ( Fig. 13 a and Table 1 ). Diffraction patterns in Fig. 13 confirm that the Cr-rich particles are bcc α-Cr with lattice parameter a = 0.29 nm. To the authors' knowledge, the α-Cr particle has not been reported in as-cast and welded IN718 in the open literature. The EDS analysis and diffraction patterns ( Fig. 13) indicate that the other particles are Laves phase, irregular shaped  phase, needle-like  and the matrix (accurately speaking, ++). Such needle-like  particles are also distributed in the matrix (Fig. 12a, b and h ).
They have a composition similar to that of the  phase (Figs. 12h and 13a and Table 1 ) but have a tetragonal structure with a = 0.36 nm and c = 0.74 nm confirmed via diffraction (Fig.   13g ). The diffraction pattern (Fig. 13g ) also shows (112)  parallel to (111)  . The  particle has a regular (needle-like) shape and the orientation relationship with the  phase suggests that the  particle precipitates from the  phase in the solid state. Examination of an asdeposited sample shows there are no such needle-like  particles in the complex constituent, which indicates that such needle-like  formed during the ageing heat treatment after the DLD process. 
Needles in the Laves phase
It is interesting that needle-like particles in a Nb-rich phase were occasionally observed (Fig.   14a ). EDS linescans (Figs. 14b-g ) across a needle-like particle show that the needle-like particle has an equivalent Nb content (~27 at.%) to the Nb-rich phase but higher Ni and lower
Cr, Fe and Mo. Quantitative EDS analysis shows that the composition of the needle-like particles is closest to (Ni,Cr,Fe) 3 (Nb,Ti) while the Nb-rich phase is close to (Ni,Cr,Fe) 2 (Nb,Mo,Ti) (see Table 1 ), indicating that they could be the  phase and Laves phase, respectively. Composite diffraction patterns from the needle-like phase and Nb-rich phase in Fig. 14h , further confirm that the needle-like particle is the  phase and that the Nbrich phase is Laves phase, and also indicate that there is an orientation relationship between the  and the Laves:
ACCEPTED MANUSCRIPT
The analysis of the diffraction pattern also indicates that the preferred growth direction of the  phase is parallel to the [001] direction. Fig. 14i is a dark field image of the  phases obtained using the (001) reflection. The regular needle-like shape and the orientation relationship with the Laves phase, suggests that the  phase precipitates in the Laves phase in the solid state. The  phase precipitated from the Laves phase was also found in the asdeposited sample but there were fewer precipitates than in the aged sample. This suggests that subsequent ageing promotes the precipitation of  phase from the Laves phase. Since the  phase is Mo, Fe and Cr-depleted but Ni-rich compared with the Laves phase (Fig. 14) , during the growth of the  phase, Mo, Fe and Cr will be rejected into the Laves and more Ni is needed, thus bringing about higher Mo, Fe and Cr and lower Ni at the Laves/ interface compared with the Laves phase (Fig. 14) . Note that the dashed line in each element profile presents the average content of the element in the Laves phase. The presence of  phases is not unusual in cast microstructures. In the tungsten-gas-shaped metal deposit Clark et al. [28] observed needle-like phases and assumed the needles to be  phase. Wlodek and Field also reported that  phase precipitated in the large Laves phase particles in the freckled areas of large IN 718 structural investment castings [29] .
Extensive research has been carried out on the phase transformation under both continuous cooling and isothermal conditions [30] [31] [32] , that indicates the precipitation temperature of  phase is lower than that of Laves phase. Fig. 15a shows the continuous-coolingtransformation (CCT) curves of IN 718 from 1180C [30] , which indicates that the  phase will form when the cooling rate is lower than 9C/sec. The  phase cannot form in as-welded or as-cast metal, which may be attributed to the fast cooling rates during welding and casting.
Reddy et al. [33] found that solution treatment of laser welded IN 718 at 980C resulted in partial dissolution of Laves phase and that the relative ease with which dissolution occurred was a function of its size, morphology, and Nb concentration. They also observed the precipitation of  phase around the partially dissolved Laves particles. Solution treatment at 1080C was found to lead to complete dissolution of Laves phase [33] . This has also been demonstrated in the post weld heat-treated IN 718 electron beam welds [34] . Laves phase can, therefore, be dissolved in the range of 980-1080C, which is higher than the temperature range of its precipitation (860-995C) [35] . During laser deposition, the prolonged and potentially cumulative exposure to high temperatures during cooling and repeated thermal excursions from adjacent deposition passes, together with the fact that  phase has a similar
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Nb content to Laves phase ( Fig. 14 and Table 1 ), allows the precipitation of  phase from Laves phase to occur.
Boride
A boride phase was also observed (Fig. 16 ). Irregular-shaped boride particles (Fig. 16a) could form during solidification while small boride particles (Fig. 16a ) precipitated after solidification. Most of the borides nucleated around (Nb,Ti)C carbides, as shown in Fig. 16b , which is consistent with some investigations on as-cast [29] and welded IN 718 [4] . Fig.16c exhibits a typical EDS spectrum from the boride, showing that the boride is (Mo, Nb)-rich (Table 1 ). Diffraction analysis indicates that the boride is tetragonal M 3 B 2 with a = 0.58 nm and c = 0.32nm. This type of boride is often observed in Ni-base superalloys [4, 29, 36, 37] .
After the detailed examination of the deposits, the results can be summarized as follows 
Discussion
As mentioned in the introduction, the aim of this study is to investigate the secondary phases formed in the deposits. The secondary phases observed were not altered by the change in cooling rate resulting from the different deposition parameters. Thus, this discussion focuses on the types of secondary phases observed, some of which were only observed in DLD IN718.
The solidification sequence of IN718 has been established previously [14, 18, 20] . The solidification path begins with the formation of  dendrites. Solute elements with a partition coefficient, k < 1 would be rejected into the interdendritic liquid (e.g. Nb, Ti, C, B). When the
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contents of these solute elements in the interdendritic liquid exceed their solubility limit, secondary solidification constituents start to form. In Ni-base superalloys there are several possible secondary solidification constituents including carbides, borides and a number of other intermetallic constituents. For IN 718 alloy, the strong carbide forming elements Nb and Ti continually enrich in the interdendritic liquid, which could eventually result in formation of MC carbides. This is most likely to occur via a non-invariant eutectic type reaction of L→  + NbC at 1250C [17, 20] . In this study, the distribution of irregular NbC carbides as shown in Fig. 10b appears to be similar to those found in a /NbC eutectic [20] , although eutectic  is not observed. This may be because reheating from subsequent deposition passes and ageing treatments could bring about the precipitation of  and  from the original eutectic  and make the eutectic  undistinguishable from the matrix. The formation of the /NbC constituent depletes the interdendritic liquid of most of C content.
However, as  dendrite formation continues, enrichment of the remaining liquid with Nb will continue until the eutectic reaction L→  + Laves occurs [17, 20] . Thus large amounts of /Laves eutectics were observed ( Fig. 8 and 9 ) and this constituent is considered to be the predominant minor microstructural feature in IN718 weld metal [20] . The formation of the Laves phase can deplete principal alloying elements required for hardening from the matrix and acts as a preferential site for crack initiation and propagation [13, 16, 38] . Its inherent brittle nature brings about poor tensile ductility, fracture toughness, creep and fatigue properties in IN718 [16, 39] . The Laves phase is, thus, detrimental and should be carefully controlled.
It is interesting that the /Laves eutectic was also observed around, or connected to, the carbides, as shown in Figs 
appears to be a divorced eutectic. A similar microstructure was also reported by Vincent [4] in fusion zones of IN718 welds.
A considerable number of the complex constituent (α-Cr +  + Laves +  + matrix) (Figs. 10 and 12) were observed in the present investigation, which has not been reported previously in as-cast and welded IN 718. Clearly, the formation of this complex constituent cannot be explained by the available solidification path of IN 718. One reasonable explanation is that this constituent initiates from /Laves eutectic. The CCT (Fig. 15a) and TTT (Fig. 15b) diagrams indicate that  phase is more stable than the Laves phase. This is also supported by the present (Fig. 14) and the other authors' [13, 14, 28, 29] observations on the precipitation of the  phase from the Laves phase. Parimi et al. [14] found the  phase protruding from
Laves phase in direct laser fabricated IN718 while Clark et al. [28] observed needle-like  phases related to Laves phase in the tungsten-gas-shaped metal deposited IN718. Zhang et al. [13] found that post solution heat treatment leads to partial dissolution of Laves particles at a solution temperature of 954C and the precipitation of needle-like  phase around the Laves particles in laser deposited IN718 using filler wire. During deposition, adjacent passes could possibly heat previous layers to a high enough temperature for a considerable time [28] , leading to the precipitation of the  phase from the Laves phase. The formation of the  phase would reject Cr and Fe to the Laves and  phases. As Fe has a higher solubility in Ni, Fe rejected from the  phase could dissolve in the  phase. However, since the solubility of Cr in Ni decreases significantly with decreasing temperature, Cr rejected from the  phase would exceed its solubility limit and then form α-Cr particles. This leads to the distribution of α-Cr particles associated with the  phases (Fig. 12h) . The formation of α-Cr on advancing  phase has been demonstrated in IN 718 after a long term ageing treatment [22] [23] [24] [25] . Large needle  in the complex constituent are also precipitated from the  phase during post deposition ageing treatment.
Conclusions
This study has investigated the detail of microstructure in IN718 deposited by DLD using SEM and TEM techniques, focussing on identifying secondary phases in the deposit. The following main conclusions are drawn:
1) Fast cooling brings about fine dendrite cores;
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2) A  100 µm wide zone where  phase had partially dissolved was observed close to the substrate/deposit boundary in the substrate. (Fig. 1b) ; EDS spectrum taken from a precipitate shows that the composition is close to (Ni,Cr,Fe) 3 Fig. 13a , composite diffraction patterns from the Laves and the needle-like particle (h), dark field image of the needle-like particles (i).
Note: the dashed lines in the elemental profiles schematically present average contents of each element in the Laves phase. Fig. 15 Continuous-Cooling-Transformation diagram of IN718 homogenised at 1180C for 24 hours (a) [30] , Time-temperature-transformation diagram of IN718 solution-annealed at 1149C for 1 hour and water-quenched (b) [32] . 
